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Angular Distributions of the D(d, n)Hes Reaction for 5- to 12-Mev Deuterons
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(Received April 21, 1960)

The absolute differential cross section for production of monoenergetic neutrons by the D(d, a)He' re-
action has been measured with 5.0-, 7.6-, 9.6-, and 12.2-Mev deuterons. A proton recoil counter telescope
was used to detect the neutrons and to separate neutrons from the D(d, ep)D breakup reaction. The angular
distributions at all energies are very peaked in the forward direction, with a 6rst minimum around 30 to 40
degrees and a subsequent smaller maximum. The angular distributions, transformed to the center-of-mass
system, have been 6tted with the exchange stripping theory of Owen and Madansky, in which stripping
from both incident and target deuterons is formally included. Excellent 6ts were obtained, but it was
necessary to monotonically decrease the interaction radius, Ro, with incident deuteron energy. The variation
was considerable from 20=8.4%0.2 fermi at 5.0 Mev to 80=5.5+0.2 fermi at 12.2 Mev. An isotropic
contribution of about 3 mb/sr was added to each distribution to obtain the best 6t.

INTRODUCTION

'HE D(d, rt)Hes reaction provides a copious source
of monoenergetic fast neutrons, and thus is an

important experimental tool. A knowledge of the angu-
lar yield of neutrons from this reaction is therefore of
considerable use. From the theoretical point of view,
the reaction lends itself to a stripping analysis and might
also provide additional information on the four-nucleon
system.

Much experimental work has been done on this re-
action and its companion, the D(d, p)T reaction. ' At
deuteron energies greater than 5 Mev, two recent
D(d, rt)Hes experiments have been reported. Brolley,
Putnam, and Rosen, ' using a nuclear emulsion camera,
measured angular distributions at incident deuteron
energies of 6, 8, 10, 12, and 14 Mev. Since they were
detecting the He' residual nuclei, they were unable to
investigate the forward peak at center-of-mass angles
less than about 20'. Daehnick and Fowler, ' using a
single plastic scintillator as a neutron detector, obtained
an angular distribution at a deuteron energy of 8.4&0.1
Mev for center-of-mass angles from 2' to 84'.

The theoretical work of Konopinski et al.'5 showed
that the measured angular distributions could be under-
stood in terms of spin-orbit forces and centrifugal
barriers for the deuteron partial waves, and that the
measured distributions could be decomposed into a sum
of Legendre polynomials (even orders only), the co-
efficients of which indicate the contribution of each
partial wave.

Fairbairn' has considered the d-D reaction from the

* This work was done under the auspices of the U. S. Atomic
Energy Commission.

'A review of work on the neutron producing reaction as well
as a thorough bibliography, is given in a paper by J. L. Fowler
and J. E. Brolley, Jr. , Revs. Modern Phys. 28, 103 (1956).

2 J. E. Brolley, Jr. , T. M. Putnam, and L. Rosen, Phys. Rev.
107, 820 (1957)~

'W. W. Daehnick and J. M. Fowler, Phys. Rev. 111, 1309
(1958).

4 E. J. Konopinski and E. Teller, Phys. Rev. 78, 822 (1948).
5 F. M. Beiduk, J. R. Pruett, and E, J. Konopinski, Phys. Rev.

77, 622 (1950).
e W. M. Fairbairn, Proc. Phys. Soc. (London) A67, 990 (1954).

point of view of Butler~ stripping, properly accounting
for the identity of the incident and target particles. His
predicted angular distribution showed qualitative agree-
ment with experiment at forward angles for 19-Mev
deuterons, but his predicted variation of the 0' cross
section with energy was opposite to the experimentally
observed variation.

The exchange stripping model of Owen and
Madansky' ' ' can be applied to the angular distribution
of D(d, n)Hes neutrons. In this model, the contribution
to the angular distribution of stripping from the "heavy
particle" (in this case, the target deuteron) is formally
included. A fitting of the angular distributions reported
here has been made using this approach.

APPARATUS

Two separate experiments were performed. First,
the angular yield of D(d, n)Hes neutrons was measured,
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FIG. 1. Schematic plan view of layout of experimental equipment
for angular yield measurements.

7 S. T. Butler, Proc. Roy. Soc. (London) A208, 559 (1951).
George E. Owen and L. Madansky, Phys. Rev. 105, 1766

(1957).' George E. Owen and L. Madansky, Am. J. Phys. 26, 260
(1958).
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relative to the yield at 0', at four incident deuteron
laboratory energies, 5.0, 7.6, 9.6, and 12.2 Mev. Second,
absolute cross sections at 0' were measured at several
incident energies between 3.4 and 10.2 Mev. The rela-
tive angular yield curves were subsequently normalized
to the best 0' cross sections measured in the second
experiment.

A plan view of the experimental layout for the relative
angular yield experiment is shown schematically in
Fig. 1. The deuteron beam is that of the Livermore
90-inch variable-energy cyclotron.

The gas target has two atmospheres of D2 gas within
a stainless steel cylindrical container 4 inches in length
and 1 inch in diameter. A 0.020-inch tantalum beam
stopper at the end of the container prevents deuteron
bombardment of the stainless steel end wall. The deu-
terons enter the target through a 0.00025-inch (about
10 mg/cm') tantalum foil. Tantalum collimators, -', inch
in diameter, properly placed in the beam pipe, prevent
deuteron bombardment of the side walls of the target.

The neutron detector is mounted at a distance of 3
to 4 feet from the target on a remotely controllable
angle changer, the pivot point of which is directly under
the gas target. The selsyn control from the counting
area permits accurate changes in steps of about 0.2' and
is reproducible over long periods of time to better than
0.5 .

The neutrons are detected by means of a proton recoil
counter telescope, similar in principle to others pre-
viously reported. ""A schematic of its essential parts
is shown in Fig. 2. Incident neutrons enter the detector

' C. H. Johnson and C. C. Trail, Rev. Sci. Instr. 27, 468 (1956),"S.J.Same, Jr., E. Haddad, J.E. Perry, Jr., and R. K. Smith.
Rev. Sci. Instr. 28, 997 (1957).

and strike a thin polyethylene radiator. Knock-on
protons in the forward direction pass through two gas-
filled proportional counters (about one a,tmosphere
argon-COs mixture) and then deposit most of their
energy in the 8-in. thick, 1-in. diam CsI crystal. Several
polyethylene radiators (all 1 inch in diameter) are
available at different positions (six positions available)
on the radiator wheel so that desired resolutions or
counting rates may be obtained. One radiator wheel
position contains a 1-in. diam carbon radiator and
another position is open so that backgrounds due to the
carbon in the polyethylene and to random events not
associated with the polyethylene can be measured. The
radiator wheel positions can be changed without affect-
ing the cyclotron beam by means of a remotely con-
trolled drive motor. Positive positioning of the radiator
with respect to the proportional counters is obtained
by having a corner of a properly aligned hexagonal
positioning wheel close a microswitch when the radiator
is in place, thus sending a signal to the counting area.
The current passing through the helipot can also be
read in the counting area, and the radiator in position
is identified by this reading.

The energy distribution of the incident neutrons can
be obtained by analyzing the pulse-height spectrum of
those pulses in the CsI crystal which are in coincidence
with pulses in the two proportional counters. One can
thus separate the monoenergetic D(d, e)Hes neutron
group from other neutrons present.

The neutron production is monitored by accumulating
the charge collected by the gas target which is insulated
from the beam pipe. Additional monitoring is done by
another proton recoil counter telescope. This telescope
contains only one proportional counter and one radiator,
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Tables of M for a wide range of internal telescope
parameters, target-radiator solid angles, and incident
neutron energies, as well as interpolation methods, are
given in reference 11.A semiempirical formula for cal-
culating o.r(E), due to John Gammel, is also given in
this reference. By means of this formula and the M
tables, the absolute efficiency of the counter telescope
used in this experiment was found to be of the order of
IO ', and absolute e%ciencies were obtainable with an
estimated error of &3%, the largest uncertainty in this
number being the is-p scattering anisotropy.

The deuterium gas was supplied by the Stuart
Oxygen Company and was guaranteed to be 99.5%
deuterium. An analysis determined the deuterium
content to be 99.66&0.05%. The target gas pressure
was measured with a simple mercury column manom-
eter. Frequent checks were made on the pressure, and
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FIG. 9. Experimental determination of effect of beam heating
on the density of deuterium atoms in the target. The zero beam
level intercept can be determined to 2 or 3%. The open- and
closed-circle points were obtained several days apart to check
repro ducibility.

the number of deuterium atoms/cm' in the target could
be determined to an accuracy of &1%.

The deuteron beam was well collimated to a diameter
of ~ inch on entering the gas target. The loss of second-
ary electrons arising from deuteron passage through the
0.0005-in. tantalum entrance foil was suppressed by
placing a 100-volt bias on an insulated section of beam
pipe near the target entrance. Within statistics, no
electron loss could be found with the bias removed.

The e'er'ect on the density of deuterium atoms in the
target from heating due to passage of the deuteron beam
through the gas was measured by running at several
beam levels between 0.25 and 1.5 pa and extrapolating
to zero beam level. A typical curve of the neutron counts
in the telescope per @coul of charge on the target versgs
beam level (Fig. 9) had a slope of approximately 0.5
counts/@coul pa. The uncertainty in the zero beam level
intercept was about 2 to 3%.

The measured absolute cross sections are listed in
Table II. They have beep corrected for the attepuation

TABLE II. Absolute cross sections for production of neutrons
at O'. The uncertainty in the incident deuteron energy is about

Ed
(Mev)

3.4
5.3
7.2
8.5

10.2

0 (0')
(mb/sr)

59.6&3.0
80.9+4.0
90.1~4.5
99.3+5.0

103.3&5.0

of the neutrons by the walls of the gas target and the
entrance window of the counter telescope, a correction
of about 2%. The correction due to the fact that the
gas target is a line source rather than a point source,
as assumed in the 3f table calculation, was found to be
negligibly small (0.2%).

The absolute cross sections are plotted in Fig. 10.
Also plotted are the preliminary data of Cochran,
Smith, and Henkel, " from 6 to 14 Mev and the un-

published data of Smith and Perry, "from 0.5 to 6 Mev.
Both sets of data were measured with a proton recoil
telescope similar to the one used in this experiment, and
the probable error in both sets is approximately 5%.
The point at 8.4 Mev is that of Daehnick and Fowler. '
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FIG. 10.Differential cross section at 0' in the laboratory system.
The open circles are the present data, the c)osed circ)es are pre-
liminary data of Cochran, Smith, and Henkel (reference 15), the
crosses are unpublished data of Smith and Perry (reference 14),
and the triangle is from Daehnick and Fowler (reference 3).

"D. R. F. Cochran, R. K. Smith, and R. L. Henkel (private
communication). We very much appreciate permission to include
these results prior to publication.

'6 A. B. Bhatia, K. Huang, R. Huby, and H. C. Newns, Phil.
Mag. 43, 485 (1952).

EXCHANGE STRIPPING THEORY

The exchange stripping approach of Owen and
Madansky" was developed to account for the signifi-
cant components in the backward direction found in
some stripping angular distributions. In this approach
the usual deuteron stripping theory "is modi6ed to
formally include contributions from "heavy-particle"
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The factors G(E') and fi(k') of Eq. (2') have forms
identical to Eqs. (3) and (6), respectively. Since
A:q'= —kq, the wave vectors for the target deuteron
stripping (the primed system) have the form

E"=~k„+-',kd~'

(&')

TABLE III. Values of the interaction radius, Rp, and the iso-
tropic component required to obtain the best exchange stripping
fit to the experimental data.

Eg
(Mev)

Rp
(fermi)

Isotropic
contribution

(mb/sr)

5.0
7.6
9.6

12.2

8.4&0.2
6.8+0.2
6.3&0.2
5.5&0.2

3.3
3.0
3.1
2.3

(10 " cm), indicated for the interaction radii, reflects
the sensitivity of the fit of the forward peak to the
choice of Rp.

A plot of the variation of the interaction radius with
laboratory energy of the incident deuterons is shown
in Fig. 12. The radius at 8.4 Mev is that of Daehnick
and Fowler. ' (The error on this point is approximate. )
The radii at 3.0 and 14.0 Mev were obtained by con-
structing angular distributions at these energies by
means of the Legendre coefficients of Brolley et al.' and
treating these constructs the same as the experimentally
measured curves.

EXCHANGE STRIPPING FITTING

When the proper forms for G(E), fi(k), G(&') and
fi(k') LEqs. (3) and (6), and their primed equivalents]
are substituted into Eqs. (2) and (2'), it can be seen
that the differential cross section expression, Eq. (1),
contains only one adjustable parameter, the interaction
radius Rp.

The measured data, with the best stripping fits at
each energy, are plotted in Fig. 11.The fitting was done

by normalizing the calculated curve to the least-square
(Legendre) curve value at 20' and adding an isotropic
component equal to the measured value at the mini-
mum. The values of interaction radius, Rp, required to
obtain the fit and the isotropic contribution at each
energy are listed in Table III. The error of ~0.2 fermi
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FIG. 12. The variation with energy of the interaction'radii used
to obtain the best exchange stripping fits. The triangles are from
fits to the present data, the circles to the data of Daehnick and
Fowler (reference 3) (error approximate) and the crosses to
Legendre constructs from the data of Brolley et al. (reference 2).

As can be seen, there is a considerable change in Rp
over this energy range, and the values are quite high
compared to the conventional deuteron "radius" of 4.3
fermi. ' An analysis of the contributions made by the
various distorting eRects neglected in the development
of the theory might lead to either a qualitative or quanti-
tative explanation of the magnitude and variation of Rp.

Exchange stripping fits to the N" (d,e)Ois reaction"
and the 8"(d,n) C" reaction' "have also shown varia-
tions of Rp with energy. It is well known that the strip-
ping model is a relatively crude one, and it seems quite
possible that radii obtained in this way can never be
given any real physical significance.
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